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Adenosine is a physiological nucleoside which plays an impor-
tant role inmany patho-physiological conditions, at central and

peripheral levels, through the modulation of specific membrane
G-protein coupled receptors (GPCRs), currently classified into A1,
A2A, A2B, and A3. Responses to activation of adenosine receptors
(ARs) are mediated by different second messenger systems, such
as adenylate cyclase, calcium or potassium channels (A1 AR),
phospholipase C (A1, A2B, and A3 ARs), and phospholipase D
(A3 AR).

1�4

Each AR subtype is currently considered an attractive target for
pharmacological intervention in many pathological conditions.5,6

Within the central nervous system (CNS), ARs possess a relevant
role in the occurrence, development, and treatment of brain is-
chemic damage and degenerative disorders by modulating neuro-
nal and synaptic functions. Particularly, it is now widely recognized
that AR ligands may represent good candidates for the develop-
ment of innovative therapeutic strategies for the treatment of the
symptoms and progression of neurodegenerative diseases.7�11

Differently from the widely recognized neuroprotective role
exerted by A1 AR, in the last years, A2A AR has raised great interest
in the medicinal chemistry community as it has proved to be an
attractive target for therapeutic intervention in neurodegenera-
tive movement disorders including Parkinson’s12 and Hunting-
ton’s disease,13 dystonia such as restless leg syndrome, dyskinesia
such as those caused by prolonged use of neuroleptic and dopami-
nergic drugs,14 as well as in ischemic damage. The protection from
neuronal damage by A2A ARs was first proposed by Gao and
Phillis in a gerbil model of cerebral ischemia injury.15 Later on, it
was confirmed that either the pharmacological receptor blockade
with selective antagonists or the genetic elimination of A2A ARs
conferred a robust neuroprotection in animal models of brain
ischemia.16,17 This was later extended against a variety of insults
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ABSTRACT: In this study, compound FTBI (3-(2-furyl)-10-
(2-phenylethyl)[1,2,4]triazino[4,3-a]benzimidazol-4(10H)-
one) was selected from a small library of triazinobenzimidazole
derivatives as a potent A2A adenosine receptor (AR) antagonist
and tested for its neuroprotective effects against two different
kinds of dopaminergic neurotoxins, 1-methyl-4-phenylpyridi-
nium (MPP+) and methamphetamine (METH), in rat PC12
and in human neuroblastoma SH-SY5Y cell lines. FTBI, in a
concentration range corresponding to its affinity for A2A AR
subtype, significantly increased the number of viable PC12 cells
after their exposure toMETH and, to a similar extent, toMPP+,
as demonstrated in both trypan blue exclusion assay and in cytological staining. These neuroprotective effects were also observed
with a classical A2A AR antagonist, ZM241385, and appeared to be completely counteracted by the AR agonist, NECA, supporting
A2A ARs are directly involved in FTBI-mediated effects. Similarly, in human SH-SY5Y cells, FTBI was able to prevent cell toxicity
induced by MPP+ and METH, showing that this A2A AR antagonist has a neuroprotective effect independently by the specific cell
model. Altogether these results demonstrate that the A2A AR blockade mediates cell protection against neurotoxicity induced by
dopaminergic neurotoxins in dopamine containing cells, supporting the potential use of A2A AR antagonists in dopaminergic
degenerative diseases including Parkinson’s disease.
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to adult brain tissue, such as glutamate excitotoxicity and free radical
toxicity.18,19

The neuroprotective effects of A2A AR antagonists may reside in
the blockade of A2A AR-mediated glutamate release by astrocytes.

20

Specifically, during ischemia in the brain, the concentration of aden-
osinemay rise to levels at which A2A ARs are activated, increasing the
release of the excitotoxic amino acid glutamate,21 which may induce
or facilitate the occurrence of damage. Under these circumstances,
A2A AR antagonists are expected to counteract the increase in
glutamate release and, in turn, to diminish the extent of neuronal
damage, with few effects on other areas of the brain or peripheral
tissues.22

In dealing with specific neurodegenerative disorders, robust
evidence bridges the protective effects of A2A AR antagonists to
Parkinson’s disease. Such an effect may occur at two different
levels: (i) protection of dopamine (DA)-containing neurons against
cell death; (ii) prevention of the onset of behavioral sensitization
leading to the occurrence of dyskinesia induced byDA replacement
therapy. The latter effect is widely documented in relationship with
the A2A ARs modulation of dopamine receptors.23�25 This led to
clinical trials with A2A AR antagonists in Parkinson’s disease with
promising results.26,27 The neuroprotective effects of A2A ARs
antagonists against DA cell death are supported by studies showing
that these compounds protect nigral DA neurons from cell loss
induced by the mitochondrial neurotoxin 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP).28 MPTP is converted into
the toxic metabolite 1-methyl-4-phenylpyridinium (MPP+) which
in turn is selectively taken up by DA-containing neurons where it
produces cell death due to inhibition of mitochondrial respira-
tory chain.29,30

The design, synthesis, and biological study of new AR ligands
to obtain compounds endowed with enhanced activity and selec-
tivity are an ongoing research project in our group. Over the past
decade, we have disclosed numerous classes of selective A1 AR
antagonists31�34 and selective A3 AR antagonists.34�37 With the
aim to identify novel potent AR antagonists, the class of 3-aryl-
[1,2,4]triazino[4,3-a]benzimidazol-4(10H)ones31,32 was further
investigated. A small library of derivatives was synthesized and
tested, permitting identification of compound FTBI, featuring a
2-phenylethyl group at the 10-position and a 2-furyl moiety at the
3-position of the triazinobenzimidazole nucleus, with a signifi-
cant A2A AR affinity (see Scheme 1). A number of pharmacoki-
netic properties, including the BBB permeability, were predicted in

silico for FTBI to support its potential use as a pharmacological
agent acting at the SNC level. The results prompted us to
characterize FTBI for its biological activity by means of “in vitro”
studies. Specifically, FTBIwas assayed for its binding properties for
ARs and selectivity toward other receptors including GABAA,
glutamate NMDA, and D2 dopamine receptor. In addition, its
A2A AR efficacy profile was assessed together with the ability to
exert neuroprotective effects in two different types of DA-
containing cells (i.e., PC12 and SH-SY5Y cells) and with two
different kinds of DA neurotoxins bearing a different mechanism
of action, MPP+ and methamphetamine (METH).

’RESULTS AND DISCUSSION

Chemical Synthesis. The synthetic pathway yielding the novel
triazinobenzimidazole derivative FTBI is outlined in Scheme 1.
It involves the synthesis of 2-chloro-1-(2-phenylethyl)benzimidazole
2 by alkylation of the commercially available 2-chlorobenzimidazole
1 with 2-bromoethylbenzene in the presence of sodium hydride.38

Heating 2 with hydrazine hydrate at 180 �C in a Pyrex capped tube
yielded the 2-hydrazone derivative 3, that was allowed to react in
refluxing ethanol with (fur-2-yl)oxoacetic acid for 2 h. In agreement
with our previous findings,31,39 the obtainment of the target tricyclic
compound FTBI proceeded through the formation of the inter-
mediate 2-(benzimidazol-2-ylhydrazono)-2-furyl acetic acid 4which
was separated by cooling of the reaction mixture. It was isolated by
filtration and purified by suspension in hot methanol. The final
cyclization process was performed by refluxing the acid 4 for 1 h
in glacial acetic acid.
In Silico Evaluation of the Pharmacokinetic Properties of

FTBI. To achieve optimum therapeutic efficacy, our AR antago-
nist should possess a high degree of potency and selectivity toward
the target as well the capability to cross the blood-brain barrier
(BBB) to attain a certain concentration in the target tissue. Such a
capability mostly depends on different physicochemical proper-
ties of the inspected compound. These features have been in silico
calculated (Table 1) through the Qikprop program (Schr€odinger,
LLC, New York) to predict their propensity to cross the BBB and
compared with those of a prototypical A2A AR antagonist
ZM241385.40 As shown in Table 1, FTBI has a high probability
of entering the CNS. In fact, all parameters fall in the requested
ranges (molecular weight (MW) less than 450, ClogP less than 5,
number of H-bond acceptors less than 7, polar surface area (PSA)

Scheme 1. Chemical Synthesis of FTBI
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less than 90 Å, number of rotatable bonds (RB) less than or equal
to 10), and, most of all, both the logBB and penetration potential
ofMDCK cells would indicate a good possibility to reach cerebral
tissues.
Binding Receptor Affinity. FTBI was tested in radioligand

binding assays to determine its affinity toward human A1, A2A, and
A3 ARs, by competition experiments assessing its respective ability
to displace [3H]-8-cyclopentyl-1,3-dipropylxanthine [3H]DPCPX,
[3H]-50-(N-ethylcarboxamide)adenosine [3H]NECA, and [125I]-
N6-(3-iodo-4-aminobenzyl)-50-N-methylcarboxamidoadenosine
[125I]AB-MECA binding from transfected CHO cells. Experi-
ments were performed as described elsewhere.32 The affinity values
of FTBI are reported in Table 2, together with the affinity data of
DPCPX, NECA, and Cl-IBMECA taken as reference standards.
FTBI displayed a high affinity toward A2A AR, with a Ki value of
16 ( 1.5 nM, and complete selectivity versus A1 and A3 ARs. In
addition, FTBI affinity toward other membrane receptors, includ-
ing GABAA, NMDA, and D2 dopamine receptors, was evaluated.
Results depicted in Table 2 show the compound was totally inactive
to these receptors.

FTBIwas also tested in functional assays at human A2A ARs by
measuring its effects on NECA-mediated cAMP modulation in
A2A AR transfected CHO cells (Figure 1).41 FTBI displayed a full
antagonism profile with a potency (IC50 = 3.88 ( 0.85 nM,
Figure 1) comparable to its binding affinity. Furthermore, when
tested in the absence of NECA, it did not show any significant
effect on the cAMP level even after stimulation by forskolin,
thereby indicating the compound behaves as neutral antagonist
(data not shown).
Neuroprotection Studies in PC12 and SH-SY5Y Cell Lines.

In order to evaluate the neuroprotective efficacy of FTBI, we
used different types of DA-containing cells, the rat pheocromo-
cytoma cell line (PC12) and the human neuroblastoma cell line
(SH-SY5Y), and two different kinds of DA neurotoxins bearing
different mechanisms of action, MPP+ and METH (see Meth-
ods). The former produces DA damage due to inhibition of
complex I in mitochondrial respiratory chain,29,30 causing, in turn,
cell death. This model is widely used to screen for potential
neuroprotective effects in parkinsonism.28,42 The DA neurotoxin
METH is able to determine a protein misfolding due to amassive
DA release,43�46 and to produce DA cell death in vitro and loss of
DA axons in vivo.47�49 METH also induces DA-dependent
abnormal involuntary movements expressed as stereotypes when
administered in vivo.50 The use of two different cell lines and two
different models of neurotoxicity allows one to probe and double-
validate the neuroprotective effects of FTBI independently by
cell- and toxin-specific effects.
Preliminarily, experiments were performed to evaluate the

neurotoxic effects produced by MPP+ and METH on PC12 and

Table 1. Prediction of Some Pharmacokinetic Properties of FTBI

compd MWa donor HBb accept HBc ClogPd QPP MDCKe HOAPf PSAg rule of fiveh RBi ClogBBj

FTBI 356.3 0 5.5 3.7 1394.8 100 58.7 0 3 �0.185

ZM 241385 337.3 4 6.75 1.5 59.15 74 118.6 0 3 �1.72
aMolecular weight. bNumber of hydrogen bond donors. cNumber of hydrogen bond acceptors; values are averages taken over a number of
configurations, so they can be noninteger. dCalculated n-octanol/water partition coefficient. e Predicted apparent MDCK cell permeability in nm/s.
MDCK cells are considered to be a goodmimic for the blood-brain barrier (<25, poor; >500, great). f Predicted human oral absorption on 0�100% scale.
g van der Waals surface area of polar nitrogen and oxygen atoms. hNumber of violations of the Lipinsky’s rule of five. iNumber of rotatable bonds.
j Predicted brain/blood partition coefficient (range of recommended values �3.0�1.2).

Table 2. Binding Affinities of FTBI to Different Membrane
Receptors

Ki (nM)a

compd hA1
b hA2A

c hA3
d rGABAA

e rNMDAf hD2
g

FTBI >10 000 16 ( 1.5 >1000 >10 000 >10 000 >10 000
DPCPX 0.5 ( 0.03 337 ( 28 >1000
NECA 14 ( 4 16 ( 3 73 ( 5
CI-IBMECA 890 ( 61 401 ( 25 0.22 ( 0.02

aThe Ki values are means( SEM derived from an iterative curve-fitting
procedure (Prism program, GraphPad, San Diego, CA). bDisplacement
of specific [3H]DPCPX binding in membranes obtained from hA1 AR
stably expressed in CHO cells. cDisplacement of specific [3H]NECA
binding in membranes obtained from hA2A AR stably expressed in
CHO cells. dDisplacement of specific [125I]AB-MECA binding in mem-
branes obtained from hA3 AR stably expressed in CHO cells. eDisplace-
ment of specific [3H]Ro151788 binding in membranes obtained from
rat cerebral cortex. fDisplacement of specific [3H]MK-801 binding in
membranes obtained from rat cerebral cortex. gDisplacement of specific
[3H]YM09151-2 binding in membranes obtained from hD2 DR stably
expressed in CHO cells.

Figure 1. Effect of FTBI on NECA-stimulated cAMP accumulation in
A2ACHOcells. Cells were treatedwith 100 nMNECA in the absence or in
the presence of different FTBI concentrations (1 nM to 10μM). Then the
intracellular levels of cAMPwere evaluated and expressed as percentage of
NECA-stimulated cAMP levels set to 100%.Data representmeans( SEM
of three separate experiments each performed in duplicate.
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SH-SY5Y cells. In fact, especially METH toxicity considerably
varies depending on the experimental setting; therefore, we speci-
fically drew a dose�response curve in order to assess in the present
experimental conditions the toxic doses of METH.
In pilot experiments, the neurotoxic effects of MPP+ in PC12

cells were evaluated by treating the cells with different neurotoxin
concentrations ranging from 50 to 500 μM. The results depicted
in Figure 2A show that MPP+ produced a significant and
concentration-dependent neurotoxic effect in this cell line. The
percentage of cell viability was 2.00 ( 0.16% and 45.9 ( 0.99%
after 72 h treatment with 500 and 250 μM MPP+, respectively.
The dose of 250 μM, which caused an intermediate level of cell
death, is optimal to detect both potential neuroprotective and/or
neurotoxic effects of the new compound, and then it was chosen
for the subsequent neuroprotection studies. The neurotoxic effects
ofMETH, in the same cell line, were evaluated by incubating PC12
cells with different neurotoxin concentrations ranging from 50 to
500 μM. In a similar way to MPP+, METH induced a concentra-
tion-dependent neurotoxic effect in PC12 cells (Figure 2B), and
the concentration of 250 μMwas selected for the subsequent ne-
uroprotection studies. The neurotoxic effects of this toxin ap-
peared to be lower than that obtained withMPP+: the percentage
of cell viability was 75.0 ( 4.20% after 72 h treatment with
500 μM METH. The same neurotoxins, MPP+ and METH,
showed neurotoxic effects also in SH-SY5Y cells, although at
higher concentrations (1.5 and 2.5 mM, respectively; data not
shown). The different neurotoxin doses required to obtain
comparable neurotoxicity in the two different cell cultures reflects
the cell-type-dependent vulnerability of DA-containing cells.42

The compound FTBI, when administered alone, did not affect
PC12 cell viability as demonstrated both in trypan blue exclusion

assay (Figure 3) and in cytological staining (Figure 4). FTBI, in a
concentration range between 16 and 96 nM, was able to partially
counteract MPP+-induced neurotoxicity (Figure 3A), although
this effect did not appear to be concentration-dependent. FTBI
was also able to protect PC12 cells from METH-induced neuro-
toxicity with similar efficacy (Figure 3B): following cell treatment
with FTBI at the lowest concentration tested of 8 nM, the cell
viability appeared to be completely restored up to the level of
control untreated cells. These results demonstrated that FTBI
was similarly effective in protecting cells from METH- or
MPP+-induced neurotoxicity.

Figure 2. Dose-dependency of MPP+ (A) and METH (B) toxicity in
PC12 cells. Cell counts were carried out following 72 h of MPP+ (A) or
METH (B) exposure. Effects of DA toxins on cell viability were measured
by using trypan blue staining. Results shown are expressed asmeans( SEM
of at least four independent experiments. *P < 0.05 compared with control;
**P < 0.01 compared with control; ***P < 0.001 compared with control.

Figure 3. FTBI induced neuroprotection against MPP+ or METH
toxicity. PC12 cells were treated for 72 h with 250 μM MPP+ (A) or
METH (B) in the absence or in the presence of different FTBI concentra-
tions. Effects of different treatments on cell viability weremeasured by using
trypan blue staining. Results shown are expressed as means ( SEM of
at least four independent experiments. ***P < 0.001 compared with control;
§P < 0.05 compared with toxin alone; §§§P < 0.001 compared with
toxin alone.

Figure 4. Representative pictures of protective effects of FTBI against
METH and MPP+ toxicity: Papanicolau’s staining. PC12 cells were
treated with either METH (250 μM) or MPP+ (250 μM), in the absence
or in the presence of the adenosine antagonist FTBI (16 nM). (a) control;
(b) FTBI (16 nM); (c) METH (250 μM); (d) METH (250 μM) plus
FTBI (16 nM); (e) MPP+ (250 μM); (f) MPP+ (250 μM) plus FTBI
(16nM). Scale bar: 12.5 μm.
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As shown in representative pictures obtained with Papanicolau’s
staining, spared cells appear shrunk with pyknotic nuclei (Figure 4).
Cell morphology was altered in theMETH treated group (panel c).
Cell pretreatment with FTBI preserved the morphology of the cell
culture (panel d) that appeared similar to that of cells in the control
group (panel a). When the cells were treated with MPP+, their
morphologywas severely altered (panel e), while they were partially
preserved by pretreatment with FTBI (panel f). The data obtained
in cytological experiments are in line with those obtained in cell
viability assay, confirming that FTBI displays a similar neuropro-
tective effect in METH- and MPP+-induced damage.
As stated above, FTBI is a potent A2A AR antagonist with no

effect on other relevant central receptors, such as GABAA, gluta-
mate NMDA, and D2 dopamine. However, in order to verify that
the neuroprotective effects exerted by FTBI were really ascribable
to the selective block of A2A ARs, (i) we compared the effects of
the compound with those of a prototypical A2A AR antagonist,
ZM241385, and (ii) we evaluated whether the FTBI-mediated
effects were counteracted by the AR agonist NECA.

As shown in Figure 5A, the A2A AR antagonist ZM241385,
used at a concentration corresponding to its IC50 value toward
A2A AR subtype, displayed a neuroprotective effect on PC12 cells
counteracting METH- and MPP+-induced toxicity to a similar
extent. The antagonist alone did not affect PC12 cell viability. These
results demonstrate that the selective block of A2A AR subtypes
significantly protects PC12 cells by death induced by different
kinds of DA toxicity. Representative histochemistry analysis
(hematoxylin and eosin (H&E) staining) showed PC12morpho-
logical changes in line with data obtained with trypan blue ex-
clusion assay (Figure 5B).
To validate the involvement of A2A AR in the neuroprotective

effects of FTBI against METH toxicity, we evaluated the ability of
the AR agonist, NECA, to reverse FTBI effects. PC12 cells were
treatedwithFTBI (32 nM) either in the absence or in the presence
of three different NECA concentrations ranging from 50 to
200 nM. Results depicted in Figure 6 show that the agonist NECA
abolished the protective effects of FTBI in METH-treated cells,
thus confirming that the effects of FTBI are likely ascribable to the

Figure 5. ZM241385-induced neuroprotection against METH orMPP+ toxicity. PC12 cells were treated for 72 h with 250 μMMETHorMPP+ in the
absence or in the presence of 0.5 nM ZM241385. Effects of different treatments on cell viability were measured by using trypan blue (A) and H&E (B)
staining. Results in (A) are expressed as means ( SEM of at least four independent experiments. **P < 0.01 compared with control; ***P < 0.001
compared with control; §§§P < 0.001 compared with METH (250 μM); ###P < 0.001 compared with MPP+ alone. (B) Representative pictures of the
protective effects of ZM241385 (a) control; (b) ZM241385 (0.5 nM); (c) METH (250 μM); (d) METH (250 μM) plus ZM241385 (0.5 nM); (e)
MPP+ (250 μM); (f) MPP+ (250 μM) plus ZM241385 (0.5 nM). Scale bar: 8.3 μm.
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selective block of A2AARs. In fact, althoughNECA is a nonselective
agonist for all AR subtypes, PC12 cells mainly express this AR
subtype, allowing one to speculate that this receptor is the target
protein for FTBI.
Again, when we sought to validate our findings in SH-SY5Y cells,

which represents an in vitromodel of neuronal cellsmore adherent to
DA neurons, FTBI did not affect per se the number of living cells,
while it was able to prevent to a similar extent the toxicity induced by
METHorMPP+(Figure 7). Protectionwas obtained using the same
doses of FTBI (16 nM and 32 nM) as in the test with PC12 cells.

’CONCLUSIONS

As part of an ongoing research project of our group, the class of
3-aryl[1,2,4]triazino[4,3-a]benzimidazol-4(10H)ones was further

investigated with the aim to identify novel potent AR antagonists.
For this purpose, a small library of derivatives was synthesized
and tested, permitting identification of the compound FTBI,
featuring a 2-phenylethyl group at the 10-position and a 2-furyl
moiety at the 3-position of the triazinobenzimidazole nucleus,
which showed a significant A2A AR affinity and in silico pharma-
cokinetic properties consistent with the ability to cross the BBB.
In functional assays at human A2A ARs, FTBI displayed a profile
of full neutral antagonismwith a potency comparable to its binding
affinity. Furthermore,FTBI did not show any affinity toward other
relevant membrane receptors, such as GABAA, NMDA, and D2

dopamine receptors.
Two different types of DA-containing cells (i.e., PC12 and SH-

SY5Y cells) and two different kinds of DA neurotoxins (i.e.,
METH and MPP+) were employed to assess the ability of FTBI
to exert neuroprotective effects. Actually, FTBI, at concentrations
comparable to its affinity toward A2A AR subtypes, proved to be
able to similarly prevent (20�25%) toxicity induced by METH
andMPP+ in both cell lines. In PC12 cells, a prototypical A2A AR
antagonist ZM241385 (0.5 nM) exerted a similar protective
effect as that displayed by FTBI against both DA neurotoxins,
and the AR agonist NECA counteracted FTBI effects against
METH toxicity. Taken together, the above results suggest that the
neuroprotective effects of FTBI depend on A2A ARs antagonism
and occur independently of cell line and experimental model.
The inactivation of A2A AR might then play a key role in the
protection mechanism against neurotoxicity induced by DA
neurotoxins in DA-containing cells.

Finally, it has to be pointed out that this is the first report in
which the beneficial effect of A2A AR antagonists against METH-
induced, DA-dependent cell death has been disclosed. Such an
effect supports the potential use of A2A AR antagonists in dopami-
nergic neurodegenerative diseases, including Parkinson’s disease,
and fosters a novel therapeutic application of these molecules in
drug abuse.

’METHODS

Chemistry. Synthesis of FTBI (3-(Fur-2-yl)-10-(2-phenylethyl)-
[1,2,4]triazino[4,3-a]benzimidazol-4(10H)-one). Melting points were
determined using a Reichert K€ofler hot-stage apparatus and are un-
corrected. Infrared spectra were recorded with a Nicolet/Avatar FT-IR
spectrometer in Nujol mulls. Routine nuclear magnetic resonance spectra
were recorded in DMSO-d6 solution on a Varian Gemini 200 spectro-
meter operating at 200 MHz. Evaporation was performed in vacuo
(rotary evaporator). Analytical TLC was carried out on Merck 0.2 mm
precoated silica gel aluminum sheets (60 F-254). Combustion analyses
on target compounds were performed by our Analytical Laboratory in
Pisa. All compounds showed g95% purity.

2-Chlorobenzimidazole 1, 2-phenylethyl bromide, R-oxo-2-furanace-
tic acid, reagents, and solvents were from Sigma-Aldrich. The 2-chloro-
1-(2-phenylethyl)benzimidazole 2 was prepared in accordance with a
reported procedure.38

1-(2-Phenylethyl)-1,3-dihydro-2H-benzimidazol-2-one Hydrazone
3. 2-Chloro-1-(2-phenylethyl)benzimidazole 2 (0.692 g, 2.7 mmol)
was heated at 180 �C in a Pyrex capped tube with 1.0 mL of hydrazine
monohydrate for 5 h. After themixturewas cooled, a white solid separated,
which was collected and was sufficiently pure to be used in the next
reaction without further purification. Yield: 92%; mp = 99�101 �C. IR
(nujol, cm�1): 3500�2650, 1620, 1600, 1560, 1140, 740. 1H NMR
(DMSO-d6, ppm): 3.12 (t, 2H, J = 7.1 Hz), 4.50 (t, 2H, J = 7.3 Hz),
7.03�7.46 (m, 7H), 7.62 (dd, 2H, J = 7.6, 1.0 Hz). Anal. Calcd. for

Figure 6. Neuroprotection induced by the A2A antagonist FTBI is lost
by the coadministration of the adenosine agonist NECA. PC12 cells
were treated for 72 h with 250 μM METH in the absence and in the
presence of 32 nM FTBI and different concentrations of NECA ranging
from 50 to 200 nM. Effects of different treatments on cell viability were
measured by using trypan blue staining. Results shown are expressed as
means ( SEM of at least four independent experiments. **P < 0.01
compared with control.

Figure 7. Representative pictures of protective effects of FTBI against
METH and MPP+ toxicity in SH-SY5Y cells. SH-SY5Y cells were treated
with either METH (2.5 mM) or MPP+ (1.5 mM) in the absence and in
the presence ofFTBI (16 and 32nM). These pictures are representative of
numerical data matching those obtained in PC12 cells. (a) Control; (b)
FTBI (16 nM); (c) FTBI (32 nM); (d) METH (2.5 mM); (e) METH
(2.5mM) plusFTBI (16nM); (f)MPP+ (1.5mM); (g)MPP+ (1.5mM)
plus FTBI (32 nM). Scale bar: 40 μm.
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C15H16N4 (%): C, 71.40; H, 6.39; N, 22.21. Found: C, 71.17; H, 6.45;
N, 22.36.
{[1-(2-Phenylethyl)-1,3-dihydro-2H-benzimidazol-2-ylidene]hy-

drazono}(2-furyl)acetic Acid 4. A solution of 1-(2-phenylethyl)-1,3-
dihydro-2H-benzimidazol-2-one hydrazone 3 (1.01 g, 4 mmol) and
2-furyl-oxoacetic acid (0.616 g, 4.4 mmol) in 10 mL of absolute ethanol
was refluxed for 2 h. After cooling, the precipitate which formed was
collected to give (benzimidazol-2-ylhydrazono)acetic acid 4 which was
purified by suspension in hot methanol. Yield: 65%; mp = 202�204 �C.
IR (nujol, cm�1): 3200�2800, 1650, 1620, 1280, 1140, 740. 1H NMR
(DMSO-d6, ppm): 3.06 (t, 2H, J = 7.5 Hz), 4.29 (t, 2H, J = 7.6 Hz), 6.61
(dd, 1H, J = 3.3, 1.9 Hz), 7.16�7.49 (m, 10H); 7.78 (dd, 1H, J = 1.0, 0.5
Hz), 12.34 (bs, 1H). Anal. Calcd. for C21H18N4O3 (%): C, 67.37; H,
4.85; N, 14.96. Found: C, 67.23; H, 4.91; N, 15.07.
3-(2-Furyl)-10-(2-phenylethyl)[1,2,4]triazino[4,3-a]benzimidazol-

4(10H)-one FTBI. A suspension of {[1-(2-phenylethyl)-1,3-dihydro-
2H-benzimidazol-2-ylidene]hydrazono}(2-furyl)acetic acid 4 (0.748 g,
2 mmol) in 20 mL of glacial acetic acid was refluxed for 1 h. The solution
obtained was evaporated to dryness, and the oily residue was purified
by recrystallization from ethanol. Yield: 62%; mp = 190�192 �C. IR
(nujol, cm�1): 1675, 1560, 1480, 1150, 750. 1H NMR (DMSO-d6,
ppm): 3.19 (t, 2H, J = 7.3 Hz), 4.65 (t, 2H, J = 7.3 Hz), 6.70 (dd, 1H,
J = 1.4, 0.6 Hz), 7.17�7.67 (m, 9H), 7.91 (dd, 1H, J = 0.8, 0.6 Hz), 8.47
(dd, 1H, J = 8.0, 0.6 Hz). Anal. Calcd. for C21H16N4O2 (%): C, 70.77; H,
4.53; N, 15.72. Found: C, 70.48; H, 4.60; N, 15.59.
Receptor Binding Assay. Human Adenosine Receptors. CHO

cells stably expressing human A1, A2A, and A3 ARs were kindly supplied
by Prof. K. N. Klotz, Wurzburg University, Germany.51

Human A1 Adenosine Receptors. Aliquots of membranes (30 μg
proteins) obtained from A1 CHO cells were incubated at 25 �C for
180min in 500 μL of T1 buffer (50mMTris-HCl, 2 mMMgCl2, 2 units/
mL ADA, pH 7.4) containing [3H]DPCPX (3 nM) and six different
concentrations of the newly synthesized compound. Nonspecific bind-
ing was determined in the presence of 50 μMR-PIA.32 The dissociation
constant (Kd) of [

3H]DPCPX in A1 CHO cell membranes was 3 nM.
Human A2A Adenosine Receptors.Aliquots of cell membranes (20 μg

proteins) were incubated at 25 �C for 180 min in 500 μL of T2 buffer
(50 mM Tris-HCl, 2 mM MgCl2, 2 units/mL ADA, pH 7.4) in the
presence of 30 nM of [3H]NECA and six different concentrations of the
newly synthesized compound. Nonspecific binding was determined in
the presence of 100 μM NECA.32 The dissociation constant (Kd) of
[3H]NECA in A2A CHO cell membranes was 30 nM.
Human A3 Adenosine Receptors. Aliquots of cell membranes (40 μg

proteins) were incubated at 25 �C for 90 min in 100 μL of T3 buffer
(50 mM Tris-HCl, 10 mMMgCl2, 1 mM EDTA, 2 units/mL ADA, pH
7.4) in the presence of 1.4 nM [125I]ABMECA and six different
concentrations of the newly synthesized compound. Nonspecific binding
was determined in the presence of 50 μM R-PIA.32 The dissociation
constant (Kd) of [125I]AB-MECA in A3 CHO cell membranes was
1.4 nM.
GABAA Receptors. The affinity of FTBI to GABAA receptors was

evaluated by incubating aliquots of rat brain membranes (50 μg) at 0 �C
for 90 min in 500 μL buffer (50 mMTris citrate pH 7.4) in the presence
of 0.2 nM [3H]Ro151788 and different compound concentrations
(100 nM, 10 μM). Nonspecific binding was estimated in the presence
of 10 μM diazepam.52

NMDA Receptors. The affinity of FTBI to NMDA glutamate receptors
was evaluated by incubating aliquots of rat brain membranes (50 μg) at
23 �C for 60 min in 1 mL buffer (4.5, HEPES 5 mM, pH 7.4) in the
presence of 3 nM [3H]MK-801 and different compound concentrations
(100 nM, 10 μM). Nonspecific binding was determined in the presence
of unlabeled (1)-MK-801 100 μM.53

D2 Dopamine Receptors.The affinity of FTBI toD2DRwas evaluated
by incubating aliquots of CHO cell membranes (30 μg) at 30 �C for

60min in 1mL of binding buffer (50mMTris�HCl, 155mMNaCl, pH
7.4, 1.5 mM ascorbic acid) in the presence of 0.05 nM [3H]YM09151-2
and different compound concentrations (100 nM, 10 μM). Nonspecific
binding was determined in the presence of 1.5 mM dopamine.54

FTBI was routinely dissolved in dimethyl sulfoxide (DMSO) and
diluted with assay buffer to the final concentration, where the amount
of DMSO never exceeded 2%. Percentage inhibition values of specific
radiolabeled ligand binding at 1�10 μM concentration are means
( SEM of at least three determinations. At least six different concentra-
tions spanning 3 orders of magnitude, adjusted appropriately for the
IC50 of the compound, were used. IC50 values, computer-generated
using a nonlinear regression formula on a computer program (Graph-
Pad, SanDiego, CA), were converted toKi values, knowing theKd values
of radioligand in the different tissues and using the Cheng and Prusoff
equation.55 Ki values are means( SEM of at least three determinations.
Measurament of Cyclic AMP Levels in hA2A CHO Cells.

Intracellular cyclic AMP (cAMP) levels were measured using a compe-
titive protein binding method.41 CHO cells, expressing recombinant
human A2A ARs, were harvested by trypsinization. After centrifugation
and resuspension in medium, cells (∼60 000) were plated in 24-well
plates in 0.5 mL ofmedium. After 48 h, the mediumwas removed, and the
cells were incubated at 37 �C for 15 min with 0.5 mL of Dulbecco's
modified Eagle's medium (DMEM) in the presence of Ro20-1724
(20 μM), as phosphodiesterase inhibitor, and adenosine deaminase
(1 U/mL). The antagonistic profile of the new compound toward A2A

AR was evaluated assessing its ability to counteract 100 nM NECA-
mediated stimulation of cAMP. Cells were incubated in the reaction
medium (15 min at 37 �C) with different compound concentrations
(1 nM to 10 μM) and then treated with NECA. In parallel, aliquots of
cells were treated with the compound alone (10 μM) in the absence or in
the presence of forskolin. The reaction was termined by the removal of
the medium and the addition of 0.4 N HCl. After 30 min, lysates were
neutralized with 4 N KOH, and the suspension was centrifuged at 800g
for 5min. For determination of cAMP production, cAMP binding protein,
isolated from beef adrenal glands, was incubated with [3H]cAMP (2 nM),
50 μL of cell lysate, or cAMP standard (0�16 pmol) at 0 �C for 150 min
in a total volume of 300 μL. Bound radioactivity was separated by rapid
filtration through GF/C glass fiber filters and washed twice with 4 mL of
50 mM Tris/HCl pH 7.4. The radioactivity was measured by liquid
scintillation spectrometry.
Neuroprotection Studies. The neuroprotective effects of the

compound FTBI were evaluated in PC12 and SH-SY5Y cells following
induction of cell death by twodifferentDAneurotoxins:MPP+orMETH.

PC12 Cell. The PC12 cell line was obtained from the American Type
Culture Collection (ATCC) and grown in RPMI 1640 medium supple-
mented with heat-inactivated 10% horse serum (HS) and 5% fetal bovine
serum (FBS), including penicillin (50 IU/mL) and streptomycin
(50 mg/mL). Cells were grown in 75 cm2 tissue culture flasks and
maintained in a humidified atmosphere of 5% carbon dioxide (CO2) at
37 �C. The medium was changed every 3 days and maintained at the
conditions described above. Cells were used for the experiments when
they were in log-phase.

SH-SY5Y Cell. The SH-SY5Y cell line was obtained from the ATCC
and grown in RPMI 1640medium supplementedwith 10%FBS, including
penicillin (50 IU/mL) and streptomycin (50 mg/mL). Cells were
maintained in a humidified atmosphere of 5% CO2 at 37 �C. The
medium was changed every 3 days and maintained at the conditions
described above.

Cell Treatments. PC12 cells were seeded in 6-well plates at 5 � 105

cells in a final volume of 1.5 mL/well. SH-SY5Y cells were seeded in
a Chamber Slide system with 8 wells on glass (C7182, Sigma Nunc
Lab-Tek) at 3 � 104 cells in a final volume of 500 μL/well. Cells were
incubated at 37 �C in 5%CO2 for 72 h in the presence ofMPP+orMETH
at different concentrations ranging from 50 to 500 μM. The doses of
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both toxins producing a significant neurotoxic effect were determined
(250 μM MPP+ and METH for PC12 cells and 1.5 mM MPP+ and
2.5 mM METH for SH-SY5Y cells) and used in the following neuro-
protection experiments.

For neuroprotection experiments, cells were treated for 72 h with
MPP+ or METH in the presence of different FTBI concentrations (8�
96 nM), selected on the basis of compound affinity calculated in binding
studies. In parallel, to evaluate whether the FTBI neuroprotective effects
were likely ascribed to the selective block of A2A AR subtypes, aliquots of
PC12 cells were treatedwith (i) the antagonist ZM241385 (0.5 nM) orwith
(ii) the agonist NECA (500�200 nM) in the presence of 32 nM FTBI.

At the end of the cell treatments, cells were processed in various ways:
(1) For light microscopy, they were centrifuged and the pellets were
dissolved in buffer, applied on glass slides by cytospin (12 000g � 10
min), and processed for Papanicolau’s staining or H&E staining. (2) For
assessment of cytotoxicity, an aliquot of cells was collected, diluted in a
solution containing trypan blue, and counted. SH-SY5Y cells were
directly stained on the chamber slide.

MPP+ and METH solutions were prepared by dissolving the powder
in culture medium RPMI. A2A AR antagonist and agonist solutions were
prepared by dissolving the powder in culture medium RPMI and adding
DMSO at a concentration of less than 1%.
Cell Viability Assay by Colloidal Dye (Trypan Blue) Exclusion.Healthy

living cells contain plasmamembranes that effectively excludemost large
hydrophilic molecules. However, injured cells with compromised mem-
brane integrity can allow hydrophilic molecules, such as trypan blue, into
their cytoplasm. This assay is based on the simple principle that viable
cells will exclude the trypan blue dye, whereas dead or dying neurons will
not, thus appearing blue. Live and/or dead cells are incubated with the dye
and then counted in situ using bright field optics with a grid-containing
eyepiece. Cell viability was expressed as number of viable cells/total cell
number and indicated as percent survival compared to the correspond-
ing controls (untreated cells). The viability of control cells was defined
as 100%.
Papanicolau’s and H&E Staining. The morphological changes asso-

ciated with the death of PC12 and SH-SY5Y cells induced by treatment
were also detected by cytological staining according to the Papanicolaou
method56 or H&E method.
Data Analysis. Comparisons among groups were made by using a

one-way ANOVA using Scheff�e post hoc tests. Null hypothesis was
rejected for P < 0.05.
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